Haworth, Sheila G. and Reid, Lynne (1977) . Thorax, 32, [121] [122] [123] [124] [125] [126] [127] [128] Quantitative structural study of pulmonary circulation in the newborn with aortic atresia, stenosis, or coarctation. Study of the structural features of the pulmonary circulation in various types of congenital heart disease makes it possible to correlate function and structure in the fetal and newborn lung. We applied quantitative morphometric techniques to the injected and inflated lungs of newborn infants who had died with obstruction to left ventricular outflow from aortic atresia, stenosis, or coarctation. The structure and development of the pulmonary circulation was judged by the number of arteries and veins and their size and wall structure, with particular attention to vessels within the respiratory unit. The study established for the first time that the structure of the pulmonary circulation is modified by the antenatal abnormalities in blood flow that occur through the heart and great vessels in the presence of congenital heart disease. Fetal multiplication of intra-acinar arteries in aortic atresia and stenosis is increased as also is the muscularity of both pre-and intra-acinar arteries and veins, muscle extending into smaller and more peripheral vessels than is normal at birth. When the pulmonary circulation is normal before birth but arterial pressure and flow are abnormally increased at birth, as in coarctation with patent ductus and ventricular septal defect, an increase in arterial diameter and muscularity is apparent within the first week of life.
Since recent surgical advances have made more types of congenital heart disease amenable to surgery at an early age interest in the behaviour of the fetal circulation in the presence of congenital heart disease has increased. For example, Rudolph et al. (1974) have studied the effect on the lamb fetal circulation of banding, in utero, either of the great vessels to produce experimentally aortic or pulmonary stenosis. If performed early in fetal life this operation produces structural changes in the heart similar to those found in the human: the haemodynamic changes can be measured while the animal is still in utero. These studies have not included an assessment of lung development.
Previous reports do not agree on the structural changes found in the pulmonary vessels of infants dying with underdevelopment of the left heart. Wagenvoort and Edwards (1961) described an increase in the number of muscular pulmonary arteries at the lung periphery, and Naeye (1962) , measuring medial area, reported an increase in wall thickness of individual pulmonary arteries. Ferencz and Dammann (1957) emphasised that medial hypertrophy in such cases was more severe than that seen in septal defects. In contrast, Rudolph (1974) reported four cases of hypoplastic left heart syndrome, two attributed to Thomas, and described the arteries at birth as dilated and relatively thin walled. The pulmonary veins also show increased musculagity (Samuelson et al.. 1970) and often resemble arteries (Wagenvoort, 1970) . In severe coarctation of the aorta with patent ductus arteriosus Naeye (1961) demonstrated an increase in pulmonary arterial muscle, and considered that this had developed in utero.
The present report describes in detail the structural features of the pulmonary circulation in a small series of newborn infants with lesions obstructing the left ventricular outflow-that is, aortic atresia, stenosis, and coarctation. Quantitative morphometric techniques were applied to the injected and inflated lung in order to describe the development of the pulmonary circulation as judged by vessel number, size, and structure, particular attention being given to the vessels within the respiratory unit of lung, the acinus. The structural changes in the pulmonary circulation were related so far as possible to haemodynamic features either as thought to be present in utero or as measured after birth. t =Increase above normal, number of arrows indicating degree.
=Decrease below normal. A='Arterialisation' (Wagenvoort, 1970 Structural study of pulmonary circulation with aortic atresia, stenosis, or coarctation was 4 mm in diameter in case 5 and 3 mm in case 6; the foramen ovale was patent but not enlarged.
MATERIAL FOR PATHOLOGICAL STUDY
In cases 1 and 3 the pulmonary arteries to both lungs were injected and in the others the right pulmonary artery and left pulmonary vein. In each lung either the pulmonary arteries or veins were injected with a Micropaque-gelatin suspension at 60°C and at a pressure of 100 cm H20 (1-0 kPa): this injection technique fills and distends all vessels larger than 15 ,um in diameter. The lungs were then inflated with a buffered formol saline solution at a pressure of 45 cm H20 (0 45 kPa) and allowed to fix: each lung was radiographed and sliced (Davies and Reid, 1970; Hislop and Reid, 1970) and blocks of tissue were selected by a random sampling technique for microscopic examination (Dunnill, 1962) .
QUANTITATIVE ANALYSIS OF STRUCTURAL FEATURES OF LUNG
From the arteriogram the following features can be measured: hilar and intrapulmonary pattern of branching, and the density of background haze which reflects the number of small peripheral arteries (Anderson et al., 1973) ; apicocaudal lung length; length of posterobasal artery measured along its pathway from hilum to costophrenic angle; and lumen diameter of the arterial pathway to the posterior basal segment measured at the hilum and at 25% intervals from hilum to pleural surface.
Microscopically the following features of peripheral arterial structure were studied: the external diameter of an individual artery, measured by taking the distance between the external elastic laminae across two diameters; wall thickness, measured from external to internal elastic laminae at the four sites where the measured diameters cut the wall-the mean wall thickness was then calculated. From Arterial muscularity
All cases showed a considerable increase in muscularity as judged by medial thickness and by extension of muscle into smaller and more peripheral arteries than is normal (Fig. 2) . In vessels of all sizes percentage wall thickness was higher than during fetal life (Hislop and Reid, 1972) . Surprisingly, the mean medial thickness was greater in the cases of aortic stenosis than in those of aortic atresia, perhaps because one case of aortic stenosis, the infant, had survived for 21 days, time enough to develop considerable arterial muscularity, while one of the cases of aortic atresia (case 2) had a secundum atrial septal defect and therefore no obstruction to pulmonary venous return. The high wall thickness in arteries less than 250 ,um in diameter suggests that these vessels did not dilate normally at birth (Hislop and Reid, 1973a) . Examination of the structure of arteries accompanying peripheral airways showed considerable extension of muscle along arterial pathways ( nm=non-muscular; pm=partially muscular; m=muscular.
hood muscle gradually extends along the arterial pathway, reaching alveolar wall vessels in late adolescence (Hislop and Reid, 1973a) . In all four of the present cases, however, over 65% of arteries accompanying alveolar ducts had a partially muscular wall and many alveolar wall arteries were completely muscularised. The available venograms, one of a case of aortic atresia (case 2) and one of aortic stenosis (case 4), showed dilatation of the preacinar pathways. In all cases vein wall thickness was increased and an external elastic lamina had appeared. Thus, according to Wagenvoort's (1970) description, the veins had become 'arterialised'.
COARCTATION OF AORTA WITH PDA AND VSD
Arterial size In contrast to the cases of aortic atresia and stenosis, in both cases of coarctation with PDA and VSD the preacinar arterial lumen diameter and the external diameter of intra-acinar arteries at the level of the terminal bronchioli were greater than normal. The number of arteries per unit area of lung and the alveolar/arterial ratio were normal for the age of the child.
Arterial wall thickness was less than normal in vessels above 250 MLm in diameter (Fig. 2) perhaps because of dilatation. In smaller arteries wall thickness was normal. Within the acinus muscle extended into smaller and more peripheral arteries than is normal (Table 1 ). In the younger of the two infants (case 5) the appearance of the muscle cells present at alveolar duct level suggested immaturity. The cells were arranged as a single layer, the media were only 1-13 ,um-1i96 Mm thick, and they stained poorly, if at all. While 72% of arteries at alveolar duct level were partially muscular none was entirely muscular. The infant in case 6 was 12 days older than the infant in case 5 and the proportion of muscularised arteries was increased at all levels within the acinus: the muscle cells stained normally.
Discussion
In cases of both aortic atresia and stenosis there was an increase in number of the intra-acinar arteries and the arteries and veins were more muscular. The muscularity was shown both by an increase in wall thickness of normally muscular vessels and by extension of muscle into vessels that do not normally contain it at this age. Arterial size was generally normal. Since three of these babies died in the first three days of life these changes undoubtedly occurred before birth. In contrast, in coarctation of the aorta the preacinar pulmonary arteries were dilated and thin walled but muscle was found more peripherally than normal, since intra-acinar arteries had smooth muscle cells in their wall. In the youngest child the muscle cells were of immature appearance, suggesting development after birth. These structural differences probably reflect a difference both in haemodynamic abnormality and in the stage of fetal or postnatal life at which it developed.
AORTIC ATRESIA AND STENOSIS
The methods used in this study supplement the information obtained from previously used techniques. Wagenvoort and Edwards (1961) , using uninjected tissue, demonstrated an increase in arterial medial muscle area per unit of lung tissue, which they thought was due to an increase in the number of muscularised arteries. Naeye (1962) , using a planimetric technique, demonstrated an increase in medial muscle in individual vessels already muscularised, as we have also shown. Our results show that increase in the amount of muscle is due to an increase in muscle of arteries already muscularised and to an extension of muscle into arteries that are not normally muscularised. Furthermore, the number of peripheral arteries 'available' for muscularisation is also increased.
In the present study accurate measurements of diameter and wall thickness of individual arteries revealed not only the severity of medial hypertrophy but also that arteries smaller than 250 ,um in diameter had failed to dilate normally at birth. We have also demonstrated a normal preacinar branching pattern, the virtual absence of arterial dilatation, either pre-or intra-acinar, and an increase in arterial multiplication within the acinus.
Thus in aortic atresia and stenosis lung development has been affected before birth, presumably by the abnormal pattern of blood flow through the heart and great vessels. At birth the right ventricular pressure is abnormally raised, although opinions differ about the level of pulmonary arterial pressure before birth. Rudolph (1974) argues that pulmonary hypertension will develop in utero in this condition only if the ductus arteriosus fails to dilate to accommodate adequately the systemic blood flow; right ventricular pressure would then increase in an attempt to maintain systemic and placental perfusion. Our findings of increased pulmonary arterial muscularity suggest an abnormally high pulmonary arterial pressure before birth, despite the fact that in all cases the ductus arteriosus was large.
The prenatal development of arterial medial hypertrophy in aortic atresia and stenosis has previously been attributed either to pulmonary venous obstruction (Wagenvoort and Edwards, Sheila G. Haworth and Lynne Reid 1961) or to a raised right ventricular pressure (Naeye, 1962) . Our results favoured pulmonary arterial hypertension as the cause. In the present series medial hypertrophy was always greater than is usually seen in newborn infants with total anomalous pulmonary venous return (personal observation). Furthermore, the presence of vein wall hypertrophy does not necessarily imply pulmonary venous obstruction since 'arterialisation' of veins may occur in the presence of only moderate pulmonary venous hypertension, as is seen in VSD (Hislop et al., 1975) .
The arterial medial hypertrophy favours diversion of blood away from the lungs, thus ensuring adequate systemic perfusion. Muscle hypertrophy encroaches on the lumen, and because the arteries are smaller before than after birth an increase in size or number of muscle cells will produce a greater increase in resistance. At birth pulmonary vascular resistance must have fallen slightly but the high wall thickness of small pulmonary arteries found in the lungs of these newborn infants suggests that they did not dilate normally at birth, and so a raised pulmonary vascular resistance is maintained.
This discussion implies that the smooth muscle hypertrophies in response to haemodynamic changes in the pulmonary circulation and is not a primary structural abnormality. In older children with pulmonary hypertension there is an increase in muscularity of both pre-and intra-acinar arteries, as here, while in newborn children with persistent pulmonary hypertension (without congenital heart disease) it is only the intra-acinar arteries which are affected (Haworth and Reid, 1976) . A prenatal increase in number of intraacinar arteries has not previously been reported. This increase could include some peripheral preacinar arteries, since at this level such vessels would be included in the arterial count of small arteries. Vessel number in post-natal life is influenced by haemodynamic changes, increasing in tetralogy of Fallot (Hislop and Reid, 1973b) and decreasing in VSD (Hislop et al., 1975) . In the present study the mechanism responsible for the excessive multiplication of intra-acinar arteries is not understood, but the multiplication must occur some time before birth since at birth these vessels are surrounded by a thick coat of mature muscle cells. The simplest interpretation is that it is a response to increased flow.
The development of an increased number of arteries would increase the number of vessels available for recruitment. If the distensibility of the peripheral arteries is reduced by muscle hypertrophy recruitment of peripheral arteries may be important in accommodating the increase in pulmonary blood volume occurring at birth. Recruitment of additional channels is thought to be more important than distension in accommodating an increase in blood volume (Maseri et al., 1972) .
COARCTATION OF AORTA WITH PDA AND VSD
In both cases of coarctation with PDA and VSD there was no increase either in the number of intra-acinar arteries or in arterial wall thickness, suggesting that, unlike cases of aortic atresia and stenosis, the structure of the pulmonary circulation was probably normal at birth. This supports the contention that coarctation can develop after birth, arising when the aortic end of the ductus arteriosus constricts after birth and protrudes slightly into the lumen of the aorta, approaching a shelf of tissue on the posterolateral surface of the aortic wall (Rudolph et al., 1972) . Had aortic obstruction been present before birth severe medial hypertrophy, similar to that seen in the present cases of aortic atresia and stenosis, would have been expected even in the 5-day-old child. When infants are born with severe coarctation an increase in arterial wall thickness may be found, as in the cases reported by Naeye (1961) .
Reduction in wall thickness of small arteries under 250 ,um in diameter suggests that pulmonary vascular resistance had fallen normally at birth, permitting a left-to-right shunt across the PDA and VSD. The muscle cells found in vessels under 250 ,um in diameter had almost certainly appeared after birth, probably in response to the secondary increase in arterial pressure caused by a PDA and VSD. In the older infant considerable muscle hypertrophy had developed by 17 days of age.
Although it has been suggested that regression of pulmonary arterial muscle after birth is delayed in the presence of an aortopulmonary communication (Hoffman and Rudolph, 1965) , our results offer evidence that wall thickness of small arteries can diminish normally during the first few days of life but that subsequently the development of new muscle cells occurs rapidly. At 5 days of age immature muscle cells were seen. In the experimental animal they may be detected after only three days exposure to hypoxia (Hislop. personal communication) . Possibly the rapidity with which muscle cells develop has previously been underestimated, and in some cases of congenital heart disease early formation of muscle cells may have been mistaken for persistence of fetal muscle.
Thus it seems that in aortic atresia and stenosis the entire cardiac output is ejected by the right ventricle into the pulmonary artery and the pulmonary arterial smooth muscle hypertrophies. Pulmonary vascular resistance is thereby increased and systemic perfusion encouraged. This haemodynamic state persists after birth and peripheral pulmonary arteries remain thick walled. The mechanism of production and the functional effects of the excessive multiplication of intraacinar arteries remain unexplained. By contrast, when coarctation develops after birth the pulmonary circulation is structurally normal in utero. At birth pulmonary arterial pressure falls normally and the small vessels dilate, permitting a left to right shunt to develop across the PDA and VSD.
As pulmonary blood flow increases the arteries dilate and then, as pulmonary arterial pressure increases, their muscle coats hypertrophy. Aortic atresia and stenosis may increase the lungs' susceptibility to vasoconstrictor agents such as hypoxia and acidosis. The rapid postnatal increase in muscularity in the presence of pulmonary hypertension suggests that if the structure of the pulmonary circulation were the only consideration it would be better not to delay surgical intervention.
